ABSTRACT: Accumulating evidence suggests that various neurodegenerative diseases, including Alzheimer's disease (AD), are linked to cytotoxic diffusible aggregates of amyloid proteins, which are metastable intermediate species in protein misfolding. This study presents the first site-specific structural study on an intermediate called amylospheroid (ASPD), an AD-derived neurotoxin composed of oligomeric amyloid-β (Aβ). Electron microscopy and immunological analyses using ASPDspecific "conformational" antibodies established synthetic ASPD for the 42-residue Aβ(1−42) as an excellent structural/morphological analogue of native ASPD extracted from AD patients, the level of which correlates with the severity of AD.
A variety of neurological disorders, such as Alzheimer's disease (AD) and Parkinson's disease (PD), are associated with the misfolding of disease-specific amyloid proteins. Recent evidence has identified diffusible amyloid intermediates that occur during in the course of amyloid misfolding as more potent toxins in amyloid diseases than amyloid fibrils; 1−4 these toxic amyloid intermediate species include oligomers (2− 100mers) and larger metastable assemblies of amyloid proteins. Despite their increasing importance, the intrinsically instable and heterogeneous nature of the amyloid intermediates have made it an intractable problem to define their detailed structural features, relationship with amyloid fibrils, and pathogenic functions. Early studies using electron microscopy and atomic force microscopy identified spherical assembles with a diameter ranging from 5 to 20 nm in amyloid proteins such as Alzheimer's amyloid β protein (Aβ) and Parkinson's α-synuclein (αSyn). 1−5 Thus, intense efforts have focused on elucidating the detailed structural features of amyloid intermediates for Aβ, αSyn, and other disease-related proteins by solid-state NMR (SSNMR) and other biophysical methods. 5−15 Nevertheless, site-specific structural features of amyloid intermediates have been difficult to achieve for a majority of species, which include relatively well characterized intermediates of Aβ, such as amyloid β-derived diffusible ligand (ADDL), 2 amylospheroid (ASPD), 1 Aβ*56, 16 globulomer, 17 and small oligomers (2−6mers). 18−20 To date, no atomic-level structures have been obtained for toxic amyloid intermediates of any disease-specific amyloid proteins other than protofibrils, which contain antiparallel β-sheets. 21 More importantly, almost no structural data are currently available for pathologically relevant native amyloid intermediates derived from patients.
Here, we present a new approach to gain detailed NMRbased structural insight of AD-derived native amyloid intermediates through studying ASPD, which is a notable diffusible assembly of Aβ originating from AD patient brains. 22 ASPD represents a class of highly toxic spherical amyloid intermediates, which have a diameter of 10−15 nm based on transmission electron microscopy (TEM) analysis. 1 Our previous studies found that AD-derived ASPD is pathologically relevant to AD because native ASPD samples isolated from patient brains are toxic to human neurons and their level in AD patient brains correlates well with the pathological severity of AD. 22 Despite its increasing importance, structural features of ASPD are, to a large extent, unknown. A recent study indicated that in vitro reconstituted synthetic ASPD for the 42-residue Aβ(1−42) shares essential characteristics with native ASPD based on their neurotoxicity and morphology. 22 The similarities between synthetic and native ASPDs in structural and morphological aspects were also suggested by "conformationspecific" antibodies targeting ASPD as well as by TEM studies. 22 Here, we analyzed the detailed structural features of synthetic ASPD, which serves as a structural and functional analogue for AD-derived ASPD, by SSNMR, a vital structural tool for amyloid aggregates. 6, 8, 23 We first assessed whether the in vitro reconstituted ASPD used for this study was similar to AD-derived native ASPD based on morphology as well as immuno-reactivity to anti-ASPD antibodies. The native ASPDs, with a 10−15 nm diameter, were collected from soluble brain extracts from patients diagnosed with AD using an immuno-precipitation assay with the conformation-specific monoclonal antibody haASD1, which specifically recognizes the ASPD surface. 22 A control experiment of the same sample incubated with mouse IgG did not bind any spherical species ( Figure S1 in the Supporting Information (SI)). For the SSNMR analysis, synthetic ASPD samples were prepared by incubating Aβ(1− 42) at a concentration of ∼50 μM in F12 medium as previously described (see the Materials and Methods section and SI for details). 22 The TEM image of the prepared synthetic ASPD sample shows relatively homogeneous spherical morphologies having an average diameter of 11.0 ± 2.1 nm (n = 65) ( Figure  1A ). 22, 24 We then compared the synthetic ASPD with the native ASPD; the data show that the spherical morphology and the size of the synthetic ASPD sample used for this study are similar to those of the native ASPD sample collected from a brain extract of AD patients ( Figure 1B ), which shows an average diameter of 10.9 ± 1.7 nm (n = 30). It was also confirmed by TEM that the lyophilization or buffer exchange of the ASPD samples required for our NMR analyses did not alter the morphology ( Figure S2 ). In addition, we quantitatively examined the immunological similarities of the ASPD sample prepared for this study to native ASPD by dot blotting ( Figure  1C , top) using another anti-ASPD conformation-specific antibody, rpASD1, of polyclonal origin (top row) with control data using a sequence-specific monoclonal antibody against the N-terminal residues Aβ(1−5) (82E1; middle row) for the quantification of Aβ. 25 The plot ( Figure 1C , bottom) shows the ratio of the reactivity of rpASD1 to the corresponding reactivity of 82E1 in order to indicate the ASPD amount normalized by the Aβ amount. The data clearly demonstrate that the synthetic ASPD (1st column) and lyophilized and rehydrated synthetic ASPD (2nd column) were both recognized by rpASD1 to the same degree as native ASPD (3rd column). The results in Figure 1C suggest that the synthetic ASPD and native ASPD have similarities in their surface structures. In contrast, monomeric Aβ(1−42) (4th column) was barely recognized by rpASD1 under the same conditions. It is known that rpASD1 does not recognize Aβ fibril or ADDL, either. 22 Notably, rpASD1 is likely to recognize different epitopes from those recognized by haASD1 used for Figure 1B; 22 thus, the result demonstrates quantitative immunological similarity, which is likely orthogonal to that from the immuno-TEM results in Figure 1B . A high level of cytotoxicity was previously reported for both synthetic ASPD and native ASPD on primary rat hippocampal cultures. 22 We thus have presented the multiplex immuno-analyses for the first time to examine functional and structural similarities between the freeze-trapped synthetic ASPD and the native oligomer from AD patients in the context of site-specific structural analysis. The results establish the pathological relevance of the synthetic ASPD sample.
Despite the effectiveness, these immunological data do not provide any specific structural information beyond the similarity level. Thus, in order to identify site-specific structural features of ASPD, we performed 2D 13 C/ 13 C correlation SSNMR experiments on four synthetic ASPD samples having different 13 C-labeling schemes (Figure 2 ; see Table S1 for a list of the samples). The amino acid sequence of Aβ(1−42) is shown with the isotope-labeled sites (underlined) that were inspected in the NMR analysis ( Figure 1D ). The 2D 13 C/ 13 C correlation SSNMR spectra (Figure 2) show promising results for the first attempt at structural analysis of synthetic ASPD. All of the 13 C-labeled sites, except for Phe-4, were successfully assigned on the basis of amino acid specific exchange patterns, as shown by the color-coded lines (residues in the inset; see Table S2 for the assignments). The spectra display reasonably narrow line widths (1.9−3.7 ppm), even after considerable Gaussian convolution (1.3−1.5 ppm) for sensitivity enhancement. The natural line widths are comparable to or slightly broader than those observed for lyophilized amyloid fibrils. 6 Since it is known that a line width or a 13 C chemical shift distribution reflects conformational heterogeneity, the reasonably narrow line widths suggest that the synthetic ASPD is likely to have a well-ordered structure that is comparable to an amyloid fibril, which is known to have a highly ordered structure. Except for some specific residues, such as Leu-17, Val-24, and Ile-31, most of the residues had a single set of major cross peaks for a directly bonded 13 C/ 13 C pair. This suggests that Aβ in the ASPD samples has a well-ordered single conformer for the majority of the inspected residues, indicating that Aβ misfolds into a specific form in ASPD. The lack of multiple forms of Aβ in ASPD based on the SSNMR analysis supports the notion that ASPD is a homo-oligomer with a high structural order. These results also demonstrate that ASPD is not polymorphric, but rather morphologically and conformationally homogeneous to a large extent.
The results are intriguing, considering that even amyloid fibrils of Aβ, which are the end products in misfolding, typically involve polymorphs. 17 Also, a previous SSNMR study on a small toxic Aβ(1−42) oligomer indicated that the protein has a disordered structure. 8 Taken together, these results provide the first direct evidence that a highly ordered conformer is formed through spontaneous misfolding of Aβ(1−42) in an amyloid intermediate that has pathological relevance to AD. The Nterminal residues (Ala-2, Phe-4, and Val-12) had weaker signal intensities compared to the corresponding amino acids at other sites, such as Phe-19, Ala-21, and Val-36 (Figure 2A,B) . This finding indicates that the N-terminal region of Aβ in ASPD may be disordered with some residual structural order. These results are consistent with a recent finding that the anti-ASPD conformation-specific antibodies, such as rpASD1, recognize the N-terminal residues, which are likely to be exposed to the surface. 22 These antibodies are also likely to recognize other regions of Aβ in ASPD, including its hydrophobic regions, which have well-defined conformations, as discussed below. 22 The evidence of a single conformer for ASPD with high structural order explains how high affinity (K d = (0.5−5) × 10 −12 M) was achieved for the anti-ASPD antibodies, including rpASD1 and haASD1.
On the basis of the collected 13 C chemical shifts (Table S2) , we elucidated the conformations of ASPD through a torsion angle analysis with the TALOS software ( Figure 3B ). The predicted torsion angles suggest that ASPD in vitro predominantly contains a β-sheet motif in the regions. We then performed interstrand 13 CO−
13
CO distance measurements on the ASPD sample prepared with Aβ(1−42) selectively labeled at 13 CO in Ala-30 (5.85 ± 0.10 Å) and Val-39 (6.05 ± 0.15 Å) ( Figure S3 ). The obtained interstrand distances of ∼6 Å are consistent with a parallel β-sheet arrangement. This is the first indication that a pathologically relevant amyloid intermediate species has a highly ordered and extended parallel β-sheet structure. The results show an interesting contrast with a recent FT-IR study indicating an antiparallel β-sheet in oligomeric species of Aβ(1−42), 7 for which pathological relevance is not established. Our preliminary study shows that the structure of Aβ in ASPD is noticeably different from that in Aβ(1−42) fibril ( Figure S4 ). The interstrand distances of ∼6 Å also deviate from that of ∼5 Å observed for fibrils, suggesting that ASPD may not have an inregister parallel β-sheet arrangement, unlike fibrils.
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In summary, the present study has revealed that ASPD contains a distinctive parallel β-sheet structure as the primary structural motif with somewhat disordered N-terminal residues. The findings establish ASPD as a promising therapeutic target for AD that is likely to retain a well-defined β-sheet structure in the brain of AD patients. As discussed above, it was previously practically impossible to examine a molecular-level structure of an amyloid intermediate that is linked to the pathology of AD or any other amyloid diseases due to the demanding sample preparation and the lack of a suitable approach for structural analysis. This study has given important clues about the structure of the native amyloid intermediates for the first time. Recently, an excellent study was reported on the brain-derived amyloid fibril of Aβ(1−40), which was prepared with "seed" fibril from a patient affected by AD. 27 Our approach provides a novel means to examine pathologically relevant amyloid intermediates, for which "seeding" is not effective, through SSNMR and multiplex analyses with dot-blot, TEM, and immuno-precipitation methods.
Materials and Methods. Aβ(1−42) was synthesized and purified as previously described using solid-phase synthesis with standard Fmoc synthesis and cleavage protocols as well as HPLC purification. 1, 22 Further details are available in the SI. The SSNMR experiments were performed following the established procedures used for amyloid intermediates of Aβ(1−40). 6 All of the SSNMR experiments were performed with a Varian Infinity-plus or Bruker Avance III SSNMR spectrometer using a home-built 2.5 mm triple-resonance MAS probe at 9.4 T ( 1 H frequency of 400.2 MHz). In the 2D 13 C/ 13 C correlation experiments with DARR mixing 26 shown in The Bioethics Committees of Kyoto University, Institute of Biomedical Research and Innovation, and Niigata University approved all experiments using human subjects. The native ASPDs were collected from concentrated human brain extracts by immunoisolation using the ASPD-specific haASD1 antibody as previously described. 22, 24 The reactivity of ASPDs with antibodies was estimated by dot blotting using a method previously described. 22, 24 The details, including the preparation of the brain extract, are provided in the SI.
The nanoscale morphology of the samples was observed by TEM using a JEM-1010 instrument (JEOL, Tokyo, Japan) operated at 100 kV and magnification of 80 000 as previously described. 22 Other details, including the grid preparation and image analysis, are found in the SI. 
